Introduction
Bacterial cell division occurs with remarkable fidelity across a wide range of environmental conditions. However, certain types of stress can damage DNA and disrupt the normal progression of the replication fork. Therefore, cells have evolved pathways that coordinate the process of cell division with DNA replication. This ensures that cell division occurs reliably even when segregation is perturbed [Crozat et al., 2014; . DNA translocation is also important for the resolution of chromosome dimers, which occur in 15% of the cells due to uneven recombination events between sister chromosomes [Crozat et al., 2014] , and which lead to a block in the cell cycle.
In Escherichia coli , the membrane-integral ATP-dependent translocase FtsK is recruited as a regular component of the division septum via its N-terminal domain, which is essential for cell division. The protein is anchored in the membrane via its central membrane spans, and its C-terminal domain mediates DNA translocation. FtsK functions in segregating sister chromosomes during the late stages of the cell cycle in a wide range of bacteria [Barre, 2007; Bigot el al., 2007; Stouf et al., 2013] through activating site-specific recombination by XerCD at dif [Aussel et al., 2002] . The motor domain FtsK C is composed of α-, β-, and γ-subdomains. The α-and β-subdomains form a double-stranded DNA (dsDNA) translocase [Massey et al., 2006] . The γ-subdomain plays a role in the recognition of the FtsK orientating polar sequence (KOPS) that guides FtsK toward the dif site at ter [Sivanathan et al., 2006] , as well as in the activation of XerCD-dif recombination [Aussel et al., 2002] . KOPS are distributed over the chromosome and oriented toward the terminus region, where they are found at a high frequency [Bigot et al., 2005; Bobay et al., 2013] . FtsK arranges the duplicated dif sites in close proximity at the division septum facilitating dimer resolution [Bigot et al., 2005] .
Activation of recombination requires direct interaction between the γ-subdomain and XerD . XerC and XerD bind the dif site located within the terminus region, ter , unlink catenated chromosomes, and resolve chromosome dimers formed by homologous recombination [Barret and Sherratt, 2005; Grainge et al., 2007; Hallet et al., 1997; Sherratt et al., 1995] .
Single-molecule experiments using DNA curtains revealed that FtsK C can push, evict, and bypass proteins bound to DNA as it translocates. FtsK C stops at least transiently and/or dissociates at XerCD bound to dif [Collins et al., 2014; Graham et al., 2010; Lee et al., 2014] . FtsK locates KOPS through random collisions, preferentially in the ADP-bound state, and is incapable of recognizing KOPS while translocating along DNA [Lee et al., 2012] . Reversals in translocation direction were previously reported to occur spontaneously and in response to XerCD bound to dif [Lee et al., 2012; Pease et al., 2005] . However, in a recent study employing singly tethered labeled DNA as well as labeled FtsK C , FtsK C translocation and its interaction with synaptic complexes of XerCD on the single molecule level was observed. FtsK C seemed to assemble on DNA as a single hexamer, which then translocated rapidly. Upon reaching XerCD-bound dif , whether in a synapsed or unsynapsed conformation, it resided briefly and then dissociated without reversal. FtsK C activated recombination when it met synapsed XerCD-dif complexes, and then dissociated before the completion of recombination by XerCD [May et al., 2015] .
In Bacillus subtilis , RipX and CodV are the homologues of XerD and XerC, respectively, and share 35 and 44% sequence identity with their E. coli counterparts [Sciochetti et al., 1999] . Both RipX and CodV were reported to bind to the B. subtilis dif site and to catalyze strand exchange in vitro [Sciochetti et al., 2001] .
Two B. subtilis DNA translocases share homology with FtsK and are involved in the rescue of DNA that might become trapped by the division septum during vegetative growth: the membrane-associated SpoIIIE protein and the soluble SftA protein. The 2 proteins participate synergistically in dimer resolution through coordinating chromosome segregation and cell division at different stages of the cell cycle in B. subtilis . SftA is a component of the divisome. It translocates DNA during septation, while SpoIIIE is exclusively recruited to rescue septum-entrapped DNA after division is completed [Biller and Burkholder, 2009; Kaimer et al., 2009; Sharpe and Errington, 1995] .
Localization in different genetic backgrounds indicated that SftA is probably recruited as an early divisome component [Biller and Burkholder, 2009; Kaimer et al., 2009] . Biochemical characterization showed that the fulllength protein forms hexamers, but the isolated C-terminal translocase domain was monomeric, which means it is the N-terminus that is capable of favorizing hexamerization [Kaimer et al., 2009] . In E. coli , it was shown that 50 residues overlapping the N-terminus and the linker region were involved in the stabilization of an active hexameric form of FtsK [Aussel et al., 2002] . Although the C-terminal domain of SftA (residues 490-952) shares 50 and 56% identity to DNA translocases FtsK and SpoIIIE respectively, including the ATP and DNA binding motifs, the glutamate-and proline-rich N-terminus (residues 1-439) shows no homology to any of these translocases [Kaimer et al., 2009; . While no transmembrane-spanning regions were predicted, a recent review suggested the existence of 3 putative N-terminal transmembrane helices based on BlastP analysis of 2,385 sequences of FtsK homologues thought to lack a transmembrane domain [Crozat et al., 2014] . SftA midcell localization depends on the initiation of cell division by FtsZ and is most likely based on direct protein-protein interaction via its N-terminal domain.
In this work, we investigate the specific region of SftA required for septum recruitment, as well as the in vitro DNA binding and ATPase activity of the protein. We find that SftA contains a region within its N-terminus that is required for stable anchoring at the septum. We also show that SftA binds cooperatively to DNA, in agreement with its formation of DNA-binding hexamers.
Results and Discussion
SftA Is a Soluble Protein SftA can be produced as a soluble enzyme in vitro [Kaimer et al., 2009] . To test if SftA is membrane-attached, or also soluble, in vivo, we performed cell fractionation experiments. Figure 1 a shows that SftA is predominantly present in the soluble fraction of B. subtilis exponential cells, with a minor fraction of the protein being associated to the membrane. As controls, SpoIIIE, a membrane-integral DNA translocase, and PfkA, a soluble glycolytic enzyme (phosphofructokinase), were used [Burton and Dubnau, 2010; Ludwig et al., 2001] . As expected, SpoIIIE was exclusively found in the membrane fraction, while PfkA was solely in the cytosol ( Fig. 1 a) . The same experiment was done in parallel on E. coli BL21 cells harboring a vector containing a His-tagged SftA. The protein was once again detected in the cytosolic fraction, as well as in the membrane fraction, albeit to a much lesser extent ( Fig. 1 b) . These experiments show that SftA is largely soluble within the cell. Mid-Cell in B. subtilis In order to narrow down the region of the N-terminus responsible for septal localization, the domain was truncated into fragments of decreasing length and the localization pattern of each construct was investigated in B. subtilis . The fragments were cloned into pSG1164y, were integrated into the B. subtilis chromosome and were expressed from the original gene locus. Thereby, truncated SftA variants are expressed under the control of the original promoter, while full-length SftA can be expressed by the xylose promoter that is inside pSG1164y. A map depicting the vector construction and integration is displayed in online supplementary Figure S1 (see www. karger.com/doi/10.1159/000450725 for all online suppl. material). All the truncations were chosen at random. The N-terminus of SftA -yellow fluorescent protein (YFP)] showed a normal septal localization pattern in B. subtilis when expressed from the amyE locus ( Fig. 2 b) . Figure 2 a shows a map of the various truncations included in this study, while Figure 2 b-i shows the localization of these truncations. The first 246 residues (SftA (1-246) -YFP) showed a localization pattern similar to that of the wild-type protein ( Fig. 2 d) . Fluorescence was detected in all cells. The truncation localized to the new septum in 50% and to the cell middle in 31% of the cells, mostly forming 2 adjacent dots within the membrane, while 19% of the cells (n = 400) showed faint lateral fluorescence ( Fig. 2 d) . Of note, 4-5% of the cells expressing the truncation showed segregation defects, e.g. nonsegregated nucleoids in cells larger than 3.7 μm, which is never observed in wild-type cells, suggesting that the presence of an SftA truncation interferes with the function of wildtype SftA (see below).
Forty-Seven Amino Acids of the N-Terminus of SftA Can Localize the Protein to
SftA -YFP also localized normally ( Fig. 2 e) . The same was observed for a shorter truncation, whereby SftA (1-105) -YFP also localized to the septum in 48% of the cells, the cell middle in 26%, and the rest showed lateral localization (n = 500; Fig. 2 f) . SftA (1-67) -YFP also localized in around 60% of the cells (n = 372), mostly to the new septa and to the mid-cell ( Fig. 2 g ).
It is possible that a fragment of the N-terminus of SftA can localize through hexamerization with full-length SftA. The original copy of the gene was deleted in 2 different truncation-variant strains in order to investigate the role of complex formation with full-length protein.
Truncations 105 and 67 were each cloned into pSG1193y and were integrated into the amyE locus via a double crossover event. The original s ftA was deleted by trans- forming the resulting B. subtilis truncation strains with genomic DNA from strain CK 150 (sftA::tet) [Kaimer et al., 2009] . The strains were grown to exponential phase in S7 50 fructose, induced with 0.05% xylose for 1 h and then analyzed. The 105-bp truncation -YFP] localized to the septa and mid-cell both before and after deletion of the original s ftA at rates of 79% (n = 400) and 85% (n = 300), respectively ( Fig. 2 f, h) . Likewise, the 67-residue-long fragment -YFP] localized normally when expressed from the amyE locus in the presence of a full-length original copy of the gene, and foci were detected in 88% of the cells (n = 318; Fig. 2 g ). The deletion of the original sftA did not affect this localization pattern ( Fig. 2 i) . This finding suggests that the first 67 residues of the SftA N-terminus are capable by themselves of an interaction with an unidentified partner that integrates the protein into the septum early in cell division. Deleting the foremost 20 residues of the N-terminus of SftA also did not affect the localization ( Fig. 3 a) . A truncation SftA (21-105) -YFP was capable of localizing normally, whether in a wild-type or an sftA deletion background ( Fig. 3 b, c) . SftA (21-67) -YFP localized normally in a wildtype background, but showed an aberrant localization in the deletion background, whereby foci were only seen in 50% of the cells ( Fig. 3 d, e ) in contrast to 80% for fulllength SftA-YFP. This experiment shows that the stretch between 20-67 residues is sufficient for normal septal targeting, and suggests that hexamerization with wild-type SftA contributes to mid-cell recruitment. Deleting the first 60 obliterated septal recruitment ( Fig. 3 g) , and the truncations shorter than 67 residues did not localize, as is seen in Figure 3 h and i, for SftA (1-50) -YFP and SftA (1-34) -
SftA ( [Dubarry and Barre, 2010] , but an efficient septal targeting is.
Stoichiometry and Functionality
For all the truncation constructs mentioned so far, the phenotypic outcome of their expression was similar to that of an sftA deletion, whether an original copy of the gene existed or not -all of the merodiploid strains had DNA trapped by a septum or showed nonsegregated nucleoids in cells larger than 3.7 μm in about 5% of all cells, indicative of a segregation defect, and had a subset of elongated cells, all of which is typical of an sftA deletion ( Fig. 2 ; Table 1 ). To confirm the idea that the incorporation of a truncated SftA monomer into a hexamer abolishes functionality, the corrected fluorescence of SftA (1-105) -YFP foci was calculated in the presence of an intact untagged SftA, expressed from the original locus, and was compared to the fluorescence of the same truncation after deletion of the original locus. Both strains were induced with 0.05% xylose. As can be seen in Figure 4 , although they showed a lot of fluctuations, the intensity of the foci was lower in the wild-type strain expressing SftA (1-105) -YFP (from the amyE locus) than in the Δ sftA strain expressing the same truncation, suggesting that most of the hexamers present at mid-cell consist of a mixture of the truncated and the intact copies of SftA, which disrupts the function of the hexamer in DNA segregation. To test whether stoichiometry affects the function of the SftA hexamer, different xylose concentrations were used to titrate the truncation in the amyE :: sftA -yfp strain. The results are summarized in Table 1 and Figure 5 . Western blot analysis was performed with anti-GFP antibodies to detect the expression level of the truncation. In comparison, a strain expressing SftA-YFP from its native promoter was used as a control ( Fig. 6 ). Even at a very low induction level (0.02% xylose), the phenotype of the amyE :: sftA (1-105) -yfp was still similar to that of a deletion ( Fig. 5 a) , although the expression level of the truncation was considerably lower than that of the protein under control of the native promoter (22% as calculated by the band intensity in the Western blot and shown in Fig. 6 ). This could be the outcome of 1 of 2 underlying causes: either the slightest disruption of the stoichiometry of the active hexamer leads to a loss of function, or the short truncations are more favorably incorporated into the hexamer than full-length SftA, ultimately disrupting the function. We consider the prior explanation to be more likely because we could observe a milder Δ sftA -like segregation defect (in 4% of the cells vs. 6-7% in an sftA deletion; Table 1 ) when no inducer was present ( Fig. 5 c) , i.e., under extremely low expression of the truncation. Note that single SftA (1-105) -YFP molecules would not be visible at the division septum using epifluorescence microscopy ( Fig. 5 c) .
Conversely, a study using linked monomers of E. coli FtsK showed that 2 inactive subunits (Walker A or B mutants) within a hexamer did not impair the translocation speed, suggesting that several motor subunits must interact with DNA at any time [Crozat et al., 2010] . Another mechanism has been proposed for dsDNA translocases, including FtsK and SpoIIIE, in which the dsDNA revolves inside a channel formed by the protein, without modifying DNA supercoiling [De-Donatis et al., 2014] . Howev- er, the mechanism implies a loss of activity when 1 subunit is mutated in the ring [Schwarz et al., 2013 ], which appears in contradiction with the translocation activity retained by a hexamer of FtsK containing 2 opposed inactive subunits [Crozat et al., 2010] .
Interaction of SftA with Short dsDNA Fragments
The capacity of SftA to interact with DNA was tested by gel shift experiments [Kaimer et al., 2009] and surface plasmon resonance. FtsK and SpoIIIE bind to DNA in a nonspecific manner, and show high affinity to specific short polar sequences (KOPS) to confer directionality during DNA translocation [Bigot et al., 2005] .
Gel shift experiments were performed in order to determine the formation of a stable protein-DNA complex between purified SftA and short DNA fragments. Increasing concentrations of SftA were incubated with 4 pmol of a 60-bp double-stranded oligonucleotide, either containing 3 copies of the conserved KOPS sequence (5 ′ -GGGNAGGG-3 ′ ), or containing no KOPS. The formation of a slowly migrating protein DNA complex was observed, and was dependent on the concentration of SftA ( Fig. 7 a) . A clear binding preference towards the KOPS-containing fragment could not be detected in this experiment, but additional experiments are required to obtain definitive evidence for any kind of sequence specificity of SftA. Importantly, SftA showed cooperativity in DNA binding: a 2-fold increase in the concentration of SftA, from 12 to 24 pmol, resulted in a drastic increase in SftA/DNA complexes (best seen by the strong reduction in the intensity of the nonbound DNA band), while further increases in protein concentration did not yield a similar binding enhancement ( Fig. 7 a) .
In vitro studies with FtsK showed that, in isolation, the γ-domain preferentially binds to the KOPS over random DNA [Nolivos et al., 2012; Sivanathan et al., 2006] . SpoIIIE was also shown to prefer SRS-containing DNA to random DNA by a factor of nearly 3. This was measured using 30-bp-long fragments either containing 2 KOPS sequences or none [Besprozvannaya et al., 2013] . However, in a conflicting study [Cattoni et al., 2014] that investigated the mechanism of DNA binding by SpoIIIE using a combination of single-molecule, biochemical and structural methods, it was shown that SpoIIIE is able to associate to nonspecific DNA with high affinity but no specificity. The DNA binding was unaffected by ATP binding or hydrolysis. Through AFM imaging, SpoIIIE was shown to bind dsDNA as preassembled hexamers without requiring a free DNA end. This is more similar to our findings for SftA, and could mean that the translocase is prob- ably loaded onto the chromosome anywhere without sequence specificity. For further characterization of the SftA-DNA interaction, surface plasmon resonance was performed in order to follow the binding of purified SftA to DNA immobilized on a sensor chip. A 1,500-bp PCR fragment biotinylated at the 5 ′ end was coupled to the sensor chip via a biotin-streptavidin interaction. Injection of SftA at different concentrations led to a clear association curve with larger responses at higher protein concentrations ( Fig. 7 b) . Upon washing, dissociation was observed, demonstrating a reversible binding-unbinding equilibrium. Interestingly, the response increased in a nonlinear fashion with the concentration of SftA, whereby an increase from 1.5 to 2 μ M resulted in a much higher response than from 1 to 1.5 μ M ( Fig. 7 b) . This confirms the results obtained in the gel shift assay that SftA binds DNA in a cooperative manner, either during hexamerization, or due to contact between hexamers. Similarly, SpoIIIE was shown to bind DNA as preassembled hexamers [Cattoni et al., 2013] .
ATPase Activity Assay
We have previously shown that SftA can bind to DNA without any sequence specificity, that a hexamer is needed for successful binding since the purified C-terminal failed to achieve detectable binding in gel shift assays, and that binding to circular plasmid DNA induces an ATPase activity that is comparable to SpoIIIE and FtsK [Kaimer ( Fig. 7 c) . However, only a maximal rate of approximately 1.5 ATP/monomer/s was measured ( Fig. 7 d) . Kaimer et al. [2009] observed a 6.5-fold higher ATPase activity when supercoiled plasmid DNA was used, with the same molecular amount of base pairs. This reduced activity is possibly explained by the functional mechanism of DNA translocases: if SftA indeed moves quickly along DNA in an ATP-dependent manner, as is claimed for FtsK [Bigot et al., 2005] and SpoIIIE [Besprozvannaya et al., 2013] , the protein would rapidly reach the end of a short fragment and dissociate. ATP hydrolysis would drop to a very low rate until reassociation with DNA, which again induces increased ATPase activity. When short linear DNA fragments are present, the overall ATP hydrolysis rate would therefore be reduced due to permanent dissociation and reassociation, which is avoided when longer or circular DNA is available as a substrate. Interestingly, we observed a similar maximal ATP hydrolysis rate of 1.7 ATP/monomer/s for the isolated C-terminal domain SftA-C with circular plasmid DNA as the substrate [Kaimer et al., 2009] . It was reasoned that the C-terminal domain, which is not able to oligomerize, cannot establish a stable interaction with DNA and therefore also rapidly dissociates. Therefore, in both cases, measurements probably reflect a reduced ATPase activity because the protein-DNA interaction re- Besprozvannaya et al. [2013] showed that SpoIIIE exhibits length-dependent ATPase activity, in which case 61-bp DNA fragments were determined as the minimal dsDNA fragment length that stimulates maximal ATPase activity. This seems not to be the case for SftA, where longer fragments are indeed required.
Conclusions
Our data show that the short region from amino acid 20 to 67 is sufficient for targeting SftA to the division site, suggesting that SftA is a bona fide component of the division machinery that is recruited by a protein-protein interaction. The deletion of 20 amino acids from the Nterminus did not abrogate recruitment to mid-cell, indicating that SftA is likely not a membrane-integral protein, but truly cytosolic when not present at the division septum. This was confirmed by cell fractionation experiments, showing that SftA is a largely soluble protein, with a minor fraction being associated with the membrane, most likely through the interaction with a truly membrane-associated division protein.
Moreover, we showed that SftA binds cooperatively to DNA, which is reflected by a nonlinear increase in DNA binding with increasing protein concentrations. This is in agreement with the finding that SftA forms stable hexamers, so a certain threshold of its concentration will enable stable DNA binding within the hexameric assembly. In a previous study, we showed that SftA has a high ATPase activity that is comparable to SpoIIIE and FtsK when a circular plasmid was used as a substrate [Kaimer et al., 2009] . However, with short DNA fragments of just 60 bp, ATPase activity is considerably lower, suggesting that SftA performs large processive translocation events and rapidly dissociates from short DNA molecules.
Our experiments show that, despite the fact that SftA bears many similarities to SpoIIIE and FtsK in terms of sequence and function, some distinct features may be important for its role as a DNA pump prior to septum closure. Unlike FtsK and SpoIIIE, SftA is soluble and is recruited to the septum via another component of the divisome. While the N-terminal regions of SpoIIIE and FtsK each contain 4 transmembrane helices that incorporate them into the membrane [Liu et al., 1998; Yu et al., 1998 ], only a short span within the N-terminus of SftA is required to target it to the division septum. Since the deletion of SftA and that of a Walker A mutant have the same phenotype [Kaimer et al., 2009] , we suggest that the Nterminal part of SftA has no intrinsic function other than mid-cell targeting. This is in contrast to E. coli FtsK, in which a mutation within a loop in the N-terminus resulted in uncoupling invagination of the inner and outer membranes [Berezuk et al., 2014] .
SftA forms hexamers in vitro. Interestingly, our localization experiments show that the function of the protein is lost when the hexamer is disrupted by the incorporation of a truncated version of the protein, suggesting that to transport DNA, the C-terminal domains perform (possibly sequential) power strokes that do not permit the omission of 1 of the 6 domains. In contrast to this, SpoIIIE can still pump DNA if the hexamer contains a nonfunctional subunit [Liu et al., 2015] .
SftA, like FtsK, is present in most cells in the division septa, and is recruited as an early component of the divisome [Kaimer et al., 2009] . SpoIIIE, on the other hand, is not generally recruited to the division machinery, but assembles at sites where DNA becomes trapped within the septal membranes. Additionally, SpoIIIE plays a major role during sporulation, whereby it promotes chromosome translocation to the forespore in addition to membrane fission [Shin et al., 2015] .
SftA assists in the resolution of chromosome dimers, but is not required to activate the recombinases, and its deletion leads only to a mild segregation defect . Thus, FtsK plays multiple roles in linking division to segregation and in actively contributing to the segregation of the terminus region of chromosomes, in addition to active involvement in the resolution of dimer formation [Stouf et al., 2013] . These are functions that have been distributed to several different translocases and division proteins in B. subtilis .
Materials and Methods

Growth Conditions
The bacterial strains and plasmids used in this study are listed in Table 2 , and the oligonucleotides are detailed in online supplementary Table S1 . E. coli strain XL1-Blue (Stratagene) was used for the construction and propagation of plasmids and E. coli strain BL21 Star DE3 (Invitrogen) for the heterologous overexpression of proteins. All B. subtilis strains were derived from the prototrophic wild-type strain PY79. Cells were grown in Luria-Bertani-rich medium at 37 or 30 ° C, or in minimal medium containing S7 50 salts [Jaacks et al., 1989] at 25 ° C. Media were supplemented with antibiotics where appropriate (ampicillin 100 mg mL -1 , chloramphenicol 5 mg mL -1 , spectinomycin 100 mg mL -1 , kanamycin 10 mg mL -1 , tetracycline 10 mg mL -1 ).
Strain Construction
Strain amyE::sftA -yfp was obtained by cloning the N-terminal region of SftA into the Apa I and Eco RI sites of pSG1193y [Lewis and Marston, 1999] , which integrates at the amylase locus
